White mold, caused by the necrotrophic fungus Sclerotinia sclerotiorum (Lib.) de Bary, is a major disease of common bean (Phaseolus vulgaris L.). WM7.1 and WM8.3 are two quantitative trait loci (QTL) with major effects on tolerance to the pathogen. Advanced backcross populations segregating individually for either of the two QTL, and a recombinant inbred (RI) population segregating for both QTL were used to fine map and confirm the genetic location of the QTL. The QTL intervals were physically mapped using the reference common bean genome sequence, and the physical intervals for each QTL were further confirmed by sequence-based introgression mapping. Using whole-genome sequence data from susceptible and tolerant DNA pools, introgressed regions were identified as those with significantly higher numbers of singlenucleotide polymorphisms (SNPs) relative to the whole genome. By combining the QTL and SNP data, WM7.1 was located to a 660-kb region that contained 41 gene models on the proximal end of chromosome Pv07, while the WM8.3 introgression was narrowed to a 1.36-Mb region containing 70 gene models. The most polymorphic candidate gene in the WM7.1 region encodes a BEACH-domain protein associated with apoptosis. Within the WM8.3 interval, a receptor-like protein with the potential to recognize pathogen effectors was the most polymorphic gene. The use of gene and sequence-based mapping identified two candidate genes whose putative functions are consistent with the current model of Sclerotinia pathogenicity.
rapidly increase in size (Schwartz and Singh 2013) . Affected tissues dry out and bleach to a pale brown or white color. Colonies of white mycelium develop into hard, black sclerotia in and on infected tissue, and plants may ultimately die (Steadman and Boland, 2005) .
The interaction of Sclerotinia with a susceptible host is complex and has attributes of both biotropic and necrotropic pathogens. The physiology of the early infection process is consistent with a biotrophic pathogen, where a pathogen effector suppresses the host defense response. Later, the pathogen induces a physiological response by the host that is typical of necrotrophs, where plant cells die and provide nutrients for the growing pathogen. Recent evidence suggests distinct temporal roles of the phytotoxin oxalic acid (OA) during the two stages of the Sclerotinia infection process (Williams et al., 2011) . During the early infection response, the pathogen rapidly releases OA to create a reducing environment in the target tissue that suppresses the release of reactive oxygen species (ROS) by the host. Later in the process, OA induces the plant to release significant amounts of ROS that leads to programmed cell death. Associated with the cell death is the breakdown of cell walls that is mitigated by a rich collection of cell wall degrading enzymes encoded by the Sclerotinia genome (Yajima and Kav 2006) . The resultant cell death creates a favorable environment for the pathogen to grow.
With such a sophisticated infection process, it would be necessary for the host to evolve a multifaceted, quantitative resistance mechanism. In common bean, QTL studies identified 21 different loci on nine of the 11 common bean chromosomes that account for varying degrees of tolerance to white mold disease (Soule et al., 2011) . One important QTL, WM7.1, located near the Phs seed protein locus on chromosome Pv07, explains 38% of the variation in straw test, the standard greenhouse procedure for physiological tolerance (Miklas et al., 2001) . WM 8.3 on chromosome Pv08 is another important white mold tolerance QTL in bean and explains 38% variation in straw tests (Miklas et al., 2003) . The tolerant alleles for these two QTL were introduced into pinto and great northern genetic backgrounds, and tolerant lines were selected using marker-assisted selection (MAS) (Miklas, 2007) . Given the strong effect on resistance by these QTL, gaining a better understanding of these loci is of interest to geneticists, breeders, and pathologists.
The causative genes underlying these QTL must be discovered to describe the tolerance mechanism provided by these two QTL. Both WM7.1 and WM8.3 were initially mapped using single-factor analysis and have not been placed in a genetic or physical interval. This has precluded any search for a causative gene. Populations of near isogenic lines were recently developed that independently contain one of the two QTL. In addition, a RI population was developed in which only these two QTL are segregating. Here, we describe the fine mapping of these QTL to genetic intervals in near-isogenic populations and confirm their genetic locations in a RI population. A physical interval for each of these QTL genetic intervals was also determined using sequence-based introgression mapping (Severin et al., 2010) , a method that applies the principle of bulk segregant analysis (Michelmore et al., 1991) and next-generation sequencing technologies to tolerant and susceptible pools of near-isogenic lines. Finally, candidate genes with an excessive number of missense substitutions, and whose putative function was consistent with the emerging knowledge of host resistance to necrotrophic pathogens, were identified.
Materials and Methods
Mapping Populations and Phenotyping ) is a population of near-isogenic lines from two subpopulations (designated as Populations I and II) with the same pedigree (Miklas, 2007) . The population was originally screened at the F 2:4 stage for the presence of the tolerant phaseolin protein marker allele associated with the WM7.1 QTL (Miklas, 2007) . The original source of resistance for this population was the Andean genotype Jatu Rong (CIAT germplasm accession catalog number G122), which contains the WM7.1 QTL tolerant allele. The theoretical parental contribution of PS02-11 is 6.3% Jatu Rong and 93.7% pinto. A single white-moldtolerant plant, 11A-29, was selected from this population. PS02-029C is a population of 38 BC 4 near-isogenic lines described by Miklas (2007) as Population IV. The source of the WM8.3 tolerance allele was the NY6020-4 snap bean breeding line from Cornell University. A single plant, 29C-40, was selected from this population. The predictive parental contribution of PS02-029C is 6.3% NY6020-4 and 93.7% Matterhorn. Reciprocal recombinant inbred lines (RIL; F 5 level of inbreeding) Z0725-11 and Z0725-15 were derived from reciprocal crosses between 11A-29 and 29C-40. For QTL analysis, the two populations were evaluated as a single population (n = 79), since cytoplasmic factors are not known to affect the response of common bean to the white mold pathogen. All populations were scored phenotypically using the straw test as described in Miklas (2007) . Six replications of the straw test were performed using strain 1980 (ATCC 18683). A score of 1 represented no disease development and 9 represented a dead plant at the end of the 10-d test.
Insertion-Deletion Marker Development, Population Genotyping, and Linkage Mapping
The initial scaffold builds (14´ coverage of genotype G19833), developed during the early stages of common bean sequence project , were used as a query for a Blastn comparison with version 1.01 of the soybean [Glycine max (L.) Merr.] reference genome (Schmutz et al., 2010 ). Based on previously described synteny relationships between common bean and soybean (McClean et al., 2010) , scaffolds that mapped to both Gm10 and Gm20 were selected as Pv07 targets for the discovery of additional markers that map near WM7.1. Similarly, to discover WM8.3 linked markers, those scaffolds that mapped to both Gm02 and Gm14 were selected as potential chromosome Pv08 sequences. The selected G19833 scaffolds were used as a query in a Blastn analysis against a database of Bat93 contigs obtained from the methyl filtration project funded by the Kirkhouse Trust funded Africa Bean Consortium (http://www.kirkhousetrust.org/abcprojects.html#.VOeUZS73FDI). Primers for insertion-deletion (InDel) markers between these two genotypes were designed from the scaffold sequence to amplify a fragment of 50 to 250 nucleotides that contained an InDel size of 5 to 25 nucleotides. The primer sequences are found in Supplemental Table S1. All DNA isolation and primer amplification conditions are identical to those described in Moghaddam et al. (2014) . The PS02-11 and Z0725 lines were scored with Pv07 InDel markers, and the PS02-029C and Z0725 lines were scored with the Pv08 InDel markers. Any line with >20% missing data was excluded, and any remaining missing data points were imputed using fastPHASE (Scheet and Stephens 2006) . Linkage maps were developed with Cartha Gene (DeGivry et al., 2005) based on the physical order of the markers along the respective chromosomes. Linkage distances were based on the Kosambi function.
Quantitative Trait Loci Mapping
Genetic maps were developed for the PS02-11, PS02-29C, and Z0725 populations using segregation data generated from the InDel marker genotyping. The Phs marker data (Miklas, 2007) was included when mapping the Pv07 markers. Genetic maps were developed using MAP-MAKER software, version 3.0 (Lander et al., 1987) , with the order based on the physical order of the InDel loci. All QTL calculations were performed with the QGene 4.0 analysis software (Joehanes and Nelson 2008) . The QTL were detected using the composite interval mapping (CIM) approach as described by Zeng (1994) . Based on the use of the Phs and M85 markers during development of the lines studied here (see Mapping, Populations, and Phenotyping section above), these markers were used as cofactors for the QTL analysis. A scan interval of 1.0 cM was used. The critical logarithm of odds (LOD) value was calculated using the permutation test (Churchill and Doerge 1994) with an experiment-wide error rate of 0.01. The genetic position with the maximum significant LOD score was considered the QTL peak. The QTL support interval was defined as the flanking map intervals whose LOD score was <1 LOD value of the peak score. The R 2 and additive value for the QTL was calculated for the peak QTL position. The physical boundary of the QTL was determined based on the positions of the proximal and distal InDel markers flanking the support interval in the common bean reference genome sequence. The interaction between the QTL was determined using a GLM procedure in SAS 9.3 (SAS Institute, 2011) for the Z0725 population that contained both QTL.
DNA Sequencing Introgression Analysis
Two DNA pools each were developed from the Z0725-11 and Z0725-15 RIL subpopulations based on marker genotype data for the Phs protein marker (linked to WM7.1) and the M85 sequence-characterized amplified region (SCAR) marker (SF13R10.410 in Soule et al., 2011) linked to WM8.3. The mean straw test scores for Z0725-11 white mold tolerant (n = 7) and susceptible (n = 6) pools differed significantly [P(t-test) = 4.9 ´ 10 −5
]. The mean straw test scores for the Z0725-15 white mold tolerant (n = 6) and susceptible (n = 10) pools also differed significantly [P(t test) = 2.8 ´ 10
−3
]. The DNA for each line was extracted as described in Soule et al. (2011) . For each pool, 100-bp paired-end reads were obtained on an Illumina GAIIx sequencer. The paired-end reads were aligned using BWA-aln (Li and Durbin 2009 ). Samtools was used to develop mpileup files for each bulk. Singe-nucleotide polymorphism calling was done using Varscan (Koboldt et al., 2009 ) with a minimum coverage of five. Among the various types of SNPs that may be observed between two populations (fixed, shared and polymorphic in one population), fixed SNPs have the highest power of differentiation between the two (tolerant and susceptible) populations. Counts of fixed SNPs within 500-to 50-kb sliding windows were calculated. The significance of the SNP distribution across the genome was estimated using the 95, 99, and 99.9% percentile tail of the empirical distribution obtained over 10,000 bootstraps. Adjacent blocks within 1 Mb were combined to form a single block. The annotation of SNPs was performed using snpEff (Cingolani et al., 2012) .
Results
Developing Insertion-Deletion-Based Maps of WM7.1 and WM8.3
Using backcross breeding, QTL WM7.1 and WM8.3 were previously introgressed into pinto and great northern backgrounds, respectively. During the introgression process, the presence of the QTL were followed in near-isogenic line populations using the WM7.1-linked Phs protein marker (Miklas et al., 2001 ) and the WM8.3-linked AW19.1200 random amplified polymorphic DNA marker (Miklas et al., 2003) . Because these single-marker analyses only placed WM7.1 and WM8.3 on chromosomes Pv07 and Pv08, respectively, and because these QTL exhibited high R 2 values, we were confident that by developing a set of InDel markers that genetically bordered these genetic loci an accurate estimate of the genetic size of the interval in which these QTL were located could be calculated. This was accomplished by using the sequence resources that became available during the common bean sequencing project and the previously established synteny relationship between common bean and soybean (McClean et al., 2010) .
Nine, genetically independent, polymorphic InDel markers that bracketed the Phs marker were used to develop a linkage map for the PS02-11 population that spanned 53.0 cM (Fig. 1A) . A search for markers linked to WM8.3 centered on the M85 SCAR marker previously shown to be associated with the QTL (Soule et al., 2011). A genetic map, spanning 39.9 cM, that included 39 new InDel markers along with M85 was developed (Fig.  1B) using the PS02-029C population. These 40 markers defined 17 different genetic loci with some loci containing between two and nine cosegregating markers. Two reciprocal RIL populations (Z0725-11 and Z0725-15) were developed by crossing one line from the PS02-11 population (containing the tolerant WM7.1 QTL locus) and one line from the PS02-029C population (containing the tolerant WM8.3 QTL locus). The goal was to develop a mapping population segregating for both WM7.1 and WM8.3. In this population, nine polymorphic InDel markers and the Phs marker mapped over 13.2 cM, a much shorter distance on Pv07, than in the PS02-11 population. The Pv08 map distance for the WM8.3 QTL region was 30.6 cM, similar to that observed for the WM8.3 segregating region in the PS02-029C population.
To place these genetic intervals relative to the common bean reference genome sequence, the physical coordinates of the InDel, protein, and SCAR markers were defined using the G19833 draft genome sequence. The newly developed WM7.1 map spanned from 2.07 to 9.36 Mb on Pv07 (Fig. 1A) . In contrast, the WM8.3 map spanned nearly the entire length of chromosome Pv08 from 3.14 to 53.71 Mb (Fig. 2) . To better pinpoint the physical location of WM7.1 and WM8.3, a combination of composite interval mapping and sequence-based introgression mapping was employed.
Fine Mapping of Quantitative Trait Loci WM7.1 and WM8.3
The phenotypic mean of the straw test for the WM7.1 QTL containing PS02-11 mapping population was 5.6 with a range of 4.1 to 7.4. The Kolmogorov-Smirnov test for normality was not significant. For the entire PS02-029C population, which only contains the WM8.3 QTL, the mean straw test score was 5.1 with a range of 2.9 to 7.3. The Kolmogorov-Smirnov test for normality was not significant. The mean straw test score for the Z0725 RIL population was 4.9, while the range was 2.9 to 8.3. As with the other populations, the Kolmogorov-Smirnov test for normality was not significant for this population.
Summary details of the CIM analyses for the two populations containing just one QTL (PS02-11 and PS02-029C) are presented in Table 1 and depicted in Fig. 1A and 1C. For each population, a single QTL peak was observed, and in each case, the peak QTL value exceeded the permutation-test derived 0.01 experiment-wise critical value. Additionally, these appeared to be large-effect QTL in these genetic backgrounds with R 2 values for the peak QTL of 33.5 and 27.6% for the PS02-11 (WM7.1) and PS02-029C (WM8.3) populations, respectively. Using the −1 LOD markers to define the QTL interval, the physical size of the WM7.1 QTL was determined to be ~660 kb. The WM8.3 QTL spanned the entire recombination-poor, hetorchromatic region with a size of 41.74 Mb (Fig. 1C) . The genetic position of the WM7.1 QTL is consistent with previous research that placed the Phs protein marker near the peak QTL, and this protein marker mapped within the QTL confidence interval. The M85 marker, linked with WM8.3 (Soule et al., 2011) , mapped within the WM8.3 interval. In the Z0725 confirmation population, WM7.1 mapped to the same physical position, while the WM8.3 peak was slightly smaller in size (Table 2) .
Phenotypic Effects of the WM7.1 and WM8.3 Quantitative Trait Loci
The haplotypes for the two QTL were based on the results of the QTL analysis (Table 1) . The tolerant WM7.1 haplotype consisted of the Jatu Rong alleles for markers S00583, Phs, and S00196 (Fig. 1A) , while the tolerant WM8.3 haplotype was defined by the NY6020-4 alleles for markers S07290-2, S04207, M85, and S07479 (Fig.  1C) . These haplotype blocks were used to determine the allelic effects of the two QTL (Table 2 ). Those PS02-11 lines with the tolerant WM7.1 haplotype had a significantly lower straw test score than lines with either 0 or 1 tolerant alleles. Similarly, the PS02-029C lines with the tolerant WM8.3 haplotype had a significantly lower straw test score than lines with 0, 1, or 2 tolerant alleles. The Z0725 population, with both loci segregating, allowed us to compare the effects of the two QTL both individually and in tandem. There is a significant interaction between the two QTL in this population (p < 0.01). Those lines with both the tolerant WM7.1 and WM8.3 haplotypes were significantly more tolerant than all other lines and had the lowest straw test score (most tolerant) among all of the haplotype combinations. Individuals with the susceptible haplotype at both QTL had the highest (most susceptible) straw test score. Lines with both the WM7.1 and WM8.3 tolerant haplotypes were more tolerant than lines with a tolerant haplotype at one QTL and the susceptible haplotype at the second QTL. Finally, the straw test scores of lines containing only the WM7.1 or WM8.3 tolerant haplotypes were not significantly different.
Introgression Mapping of the WM7.1 and WM8.3 Quantitative Trait Loci
Since subpopulations Z0725-11 and Z0725-15 each segregated for WM7.1 and WM8.3, it was efficient to perform sequence-based introgression mapping for both QTL using these populations. By only considering those introgressed regions shared by these two populations, WM7.1 and WM8.3 could be placed in narrower intervals. Resequencing tolerant and susceptible pooled DNA samples of populations Z0725-11 and Z0725-15 generated between 37.5 and 73.3 million reads of which 67.8 to 70.6%, respectively, mapped to the bean reference genome. This represented a range of 11.5 to 19.3´ genome coverage for the pools. While the number of SNPs between the resistant and susceptible pools for Z0725-11 was ~15% greater than for Z0725-15, the counts of fixed, shared, and unique resistant and susceptible sites were not statistically different [P(t-test) = 0.88] ( Table 1) . Distributions of the counts of fixed SNP polymorphisms between the resistant and susceptible pools for each of the two populations are displayed in Fig. 2 . Focusing on the regions in the upper 1% tail of the distribution of the count of fixed SNPs, a short region at the proximal end of Pv07 was detected in each population. The common interval between the two populations ranged from 5.05 to 6.30 Mb. The introgression pattern along Pv08 was much broader than the Pv07 introgression and is characterized primarily by intervals in the euchromatic regions that border the central heterochromatic region of the chromosome. It appears that multiple recombination events occurred in the Pv08 heterochromatic region, and these events were not detected genetically by QTL analysis because of the lack of a sufficient number of markers to detect a smaller interval. The interval between 44.35 and 48.95 Mb was shared by the two populations.
Candidate Gene Intervals
We have described two independent approaches to physically map the two QTL, and each approach provides an estimate of the boundaries in which the candidate genes for the two QTL might be located. Since these methods are independent, we defined the narrowest candidate gene intervals by the intersection of the physical intervals defined by the QTL ( The sequence data from the Z0725-11 and Z0725-15 subpopulations was considered a useful resource to search for allelic differences between the tolerant and resistant parents of the populations. To ensure the two data sets were comparable, the number of fixed missense SNP differences between the susceptible and tolerant bulks of the two populations for each gene within the two candidate regions were compared. The numbers of these SNPs were found to be highly correlated (WM7.1 region, r = 0.99; WM8.3 region, r = 0.96). The SNPs in the genes in these regions were further characterized as to their effects on the coding region, the start and stop sites, and the splice acceptor and donor sites. These types of SNPs are considered to affect genetic function to the greatest degree. None of the genes in the two QTL intervals contained fixed SNPs that affected start or stop sites or either splice junction sites. Within the WM7.1 interval, 25 of the 41 genes contained at least one SNP that generated a missense substitution, whereas 45 of the 69 genes within the WM8.3 interval contained a missense substitution.
Discussion
Genetic stocks are frequently developed for both genetic and crop improvement purposes by combining mutagenesis, phenotypic screening, and subsequently backcross introgression. The goal is the same regardless of the approach: to introduce a beneficial allele into breeding lines for crop improvement purposes. One extensive introgression collection was developed in barley where 881 induced mutations, generated by a variety of mutagens, were backcrossed into a common parent without marker selection (Druka et al., 2011) . The SNP mapping of the barley introgression revealed a distribution of introgression sizes, and the size of the introgression was inversely correlated with the number of introgressions (Druka et al., 2011) . These results were similar to those reported for a series of tomato (Solanum lycopersicum L.) lines in which the Tm-2 resistance locus was introduced with only visual selection (Young and Tanksley 1989) . Among these tomato lines, the size of the introgression varied from a short distance to nearly the entire chromosome. More recently, a detailed MAS program, using both targeted region and background MAS, was performed in rice (Oryza sativa L.) to introduce the submergence tolerance Sub-1 allele into rice varieties widely grown in Asia (Neeraja et al., 2007) . It was concluded that two to three backcrosses were sufficient to introgress the tolerance allele into a commercial background. The parental lines used here to develop the Z0725 subpopulations that segregated for WM7.1 and WM8.3 were selected based on markers originally discovered by single-factor analysis and phenotypic selection. The Phs locus used to select the WM7.1 QTL is located in the high recombination euchromatic regions of Pv07 (Fig. 1A) , and as such, the introgression should be smaller than that for WM8.3 on Pv08 that was selected using a marker, M85 (Fig. 1B) , that is located in the low-recombination heterochromatic region of that chromosome. Results for the introgression sequencing revealed a drastic difference in the size of the introgression for the two QTL, and suggest that the physical location of markers used to select the QTL introgression has a strong influence on the size of the introgression, and that the size of the introgression is independent of the number of backcrosses. The physical boundaries of the QTL were estimated using both genetic and introgression sequencing data. While the WM7.1 introgression was estimated from shared introgression coordinates to be 1.25 Mb, the physical boundaries of the flanking markers defined a QTL interval of only ~660 kb. By contrast, the WM8.3 introgression, as suggested by the physical mapping of flanking QTL markers, included nearly all of chromosome Pv08 from the donor parent. Here, it was necessary to also use the boundaries determined by introgression mapping data to select a 2.36 Mb region for WM8.3 candidate gene selection. The QTL and introgression mapping results suggest InDel markers Scaf00747 and Scaf00191 can effectively select for lines containing the WM7.1 QTL derived Jatu Rong, while InDel markers Scaf01320 and Scaf17997 will be effective for selecting the WM8.3 QTL interval from NY6020-4. The analysis of the two original source populations clearly indicates that tolerance would be improved. Further, by using the Z0725 lines as a resistance source, and jointly selecting with the two marker sets, the highest level of resistance should be obtained.
The greenhouse straw test, which measures physiological tolerance to Sclerotinia, is typically inherited as a quantitative trait, and multiple, independent QTL were discovered among the biparental population evaluated (summarized in Soule et al. [2011] and Miklas et al. [2013] ). A total of 12 QTL, including WM7.1 and WM8.3, were identified using the straw test to evaluate multiple biparental mapping populations. Some parents, such as Jatu Rong used here, contain two tolerant QTL, and the effect of the QTL on tolerance to the pathogen varied (Soule et al., 2011) . Since a number of these QTL map near each other on a consensus map, it is possible that this number of QTL will be reduced as new genetic populations are developed and techniques such as genomicbased introgression mapping are used.
Isolating these QTL as single factors will allow us to determine whether the tolerant QTL is inherited as a dominant or recessive factor to this necrotrophic pathogen. The development of new common bean white mold tolerance sources via gamete selection identified F 1 plants resistant to the pathogen, and these were carried forward to establish new resistance sources (Terán and Singh 2009 ). This suggests a form of dominant resistance is being expressed. Dominant resistance, possibly at WM7.1, was recently shown for a cross between two genotypes with different resistance specificities (Viteri and Singh 2015) . These results agree with the dominant tolerance expressed in a P. vulgaris ´ P. coccineus L. cross (Schwartz et al., 2006) . By contrast, two P. coccineus sources of tolerance expressed dominant susceptibility (Myers and Stotz 2002) . This mode of inheritance is consistent with multiple examples of dominant susceptibility to necrotrophs (Lorang et al., 2007; Nagy and Bennetzen, 2008; Faris et al., 2010) . Thus resistance to the white mold nectotrophic pathogen appears to consist of different common bean genes each with unique modes of inheritance.
Determining the mode of inheritance would aid with candidate gene selection. Susceptibility to one Snn toxin, ToxA, is controlled by a single gene, Tsn1, isolated from one of multiple QTL that control the host-pathogen interaction (Faris et al., 2010) . This gene exhibits dominant susceptibility. Unexpectedly, resistance is mediated by a null allele. Dominant susceptibility was observed with other Snn toxins, and each susceptibility locus mapped to a unique QTL. Other examples of dominant susceptibility genes to necrotrophs were also discovered in Arabidopsis against the victorin toxin from oat (Avena sativa L.) (LOV1, Lorang et al., 2007) Nagy and Bennetzen, 2008) . All three genes encode proteins with the nucleotide binding site and leucine-rich repeat domains found in many plant resistance genes, yet each is structurally unique: Tsn1 contains a N-terminal protein kinase domain, while LOV1 and Pc contain an N-terminal coiled-coil domain.
This knowledge provides functional insights from which candidate genes can be selected from the WM7.1 and WM8.3 intervals. Candidate gene selection is an inexact science that includes (i) selecting a gene within an interval that exhibits differential expression between two genotypes or (ii) focusing on those polymorphic genes with a function previously associated with a mechanism that could affect phenotype. It is possible that alternate alleles can have the same expression level, while the phenotypic difference is actually associated with structural genes as a result of sequence differences in the gene sequences. Simply focusing on differential expression may miss a reasonable candidate gene. Rather, alternate alleles, by functional definition, must have sequence polymorphisms. Therefore we chose to select candidates that are highly polymorphic between the tolerant and susceptible parents and have a putative function that might be associated with pathogen tolerance. Among the 41 genes within the WM7.1 region, Phvul.007G062300 contains the most (12) missense substitutions. This gene encodes a protein with a BEACH domain as well as associated kinase and WD40 domains typically found in BEACH-domain proteins. BEACH proteins are only found in eukaryotes (Barbosa et al., 1996) and have been associated with the apoptosis response in animals (Adam-Klages et al., 1996) . Since recent evidence suggests that infection by the white mold pathogen involves multiple steps that culminate in cell death (Kabbage et al., 2015) , it is intriguing to speculate that the susceptible Phvul.007G062300 allele could be associated with apoptosis during the later stages of infection. RNA sequencing data revealed that Phvul.0077062300 expression did not modulate during the 48 h following infection (unpublished data, 2015) , suggesting the structure of the gene, and not expression differences of the gene or protein, is associated with the phenotypic effect of the alleles.
Sequence analysis shows that Phvul.007G062300 is the bean homolog (E-value = 0.0; 72% similar) of the Arabidopsis protein GFS12. This BEACH-domain protein is involved in vacuolar protein trafficking and effector triggered immunity (Teh et al., 2015) . Teh et al. (2015) present a model where another BEACH-domain protein, BchB, functions together with GFS12. The common bean homolog to the BchB protein is encoded by Phvul.009G035500 (E-value = 0.0; 78% similarity). This gene is located in the heterochromatic region on Pv09 that has a low recombination rate . The simple-sequence repeat marker that defines WM9.1, BM154 (Soule et al., 2011) , is also located in the same Pv09 heterochromatic region, and as such, Phvul.009G035500 and BM154 will exhibit genetic linkage. The tolerant alleles for WM9.1 and WM7.1 are both found in Jatu Rong, suggesting these two QTL may work in consort to provide the high level of white mold tolerance found in this genotype.
Another potential candidate gene within the WM7.1 QTL, Phvul.007G060600, contains eleven missense SNPs. This gene is a member of the NET1 subfamily of the NET superfamily (Hawkins et al., 2014) . Members of this plant-specific family encode proteins that bind actin and facilitate the interaction of the cytoskeleton and cell membrane. The N-terminal portion of the Phvul.007G060600-encoded protein is 93.3% identical (98.9% similar) to NAB domain of AtNET1A, the founding member of the superfamily (Deeks et al., 2012) . The NAB domain defines this superfamily. RNA sequencing data used to support gene modeling of the reference common bean shows that this gene is expressed in all 11 tissues surveyed . The missense mutations do not change the highly-conserved amino end of the protein, but rather primarily affect the coiled-coil domain that is involved in protein-protein interactions. Given the importance of actin remodeling during the disease defense response (Schmidt and Panstruga 2007; Henty-Ridilla et al., 2013) , allelic differences in PvNET1A may be associated with the differential response to the white mold pathogen. RNA-seq data from PS02-11 tolerant and susceptible lines shows that PvNET1A expression drops 16-fold in susceptible lines from 0 to 48 hr postinfection compared with a five-fold decrease in tolerant lines (unpublished data, 2015) . This drop may be mediated by the nine SNPs located upstream of the gene.
Phvul.008G173600, a common bean receptor-like protein (RLP), contains the most missense SNPs (39) of any gene in the WM8.3 candidate gene interval. Receptor-like proteins function as cell-surface receptors that recognize external signals and transmit a response signal. The first identified plant RLP, tomato Cf-9, provides disease resistance in a gene-for-gene manner (Jones et al., 1994) . Some Arabidopsis RLPs are involved in disease defense (Wang et al., 2008) , and one RLP, AtRLP30, is known to mediate resistance to Sclerotinia . Phvul.008G173600 is moderately similar to AtRLP30 (E-value = 5.7 ´ 10 −57
; 42% similar).
Recent research has shown that Sclerotinia encodes (Guyon et al., 2014) and secretes potential effectors (Kabbage et al., 2013; Zhu et al., 2013) . Therefore, the role of Phvul.008G173600 in white mold resistance may be to recognize one of the Sclerotinia effectors and trigger the resistance response to the pathogen. This assertion is supported by the observation that 12 SNPs in the susceptible Phvul.008G173600 allele map to three leucinerich repeat domains, domains that are often found to be associated directly or indirectly with detecting cellular signals (Ravensdale et al., 2011; Liebrand et al., 2013) .
Understanding the molecular mechanisms that control white mold tolerance in common bean is critical to developing genotypes that express high levels of tolerance to the necrotrophic pathogen. Recent advances that define the complex infection process of the pathogen support the notion that resistance should be quantitative in nature. Therefore, the development of multiple genetic tools is necessary to fully describe the host-pathogen interaction in bean. Genetic stocks, such as those described here, that isolate one or two QTL in an otherwise common background, are ideal for the molecular physiology studies necessary to determine what aspect of the tolerance response each QTL is manifesting. Here, we describe such populations and the methods that are available to define candidate gene intervals. Within the WM8.3 QTL interval, we noted a candidate RLP gene that might be involved in early effector recognition, while the WM7.1 QTL interval contains a candidate BEACHdomain protein that might be a component of the lateacting apoptosis response. Given that these two QTL act in an additive manner further demonstrates that white mold tolerance is a complicated process, one that is best understood by the development of sophisticated genetic stocks that can be characterized using modern sequencing and genetic technologies. Further efforts to develop similar genetic stocks for the other white mold tolerant QTL is certainly warranted.
